We have demonstrated magnetostrictive nanowire (NW) array-based pressure sensing that utilizes magneto-mechanical transduction in an NW array and electromagnetic transduction in a giant magnetoresistance (GMR) magnetic field sensor. The pressure sensing is performed by pressing the vertically aligned multilayered Fe 80 Ga 20 /Cu NW array against the GMR surface causing NW deflections. Micromagnetic simulations were used to visualize changes in NW magnetization state and resulting stray fields with applied mechanical strain. This magneto-mechanical transduction was similar to that measured experimentally by the GMR sensors with applied pressure.
I. INTRODUCTION
T HERE is a growing interest in micro-scale pressure sensing technologies in the fields of humanoid robotics [1] , [2] and minimally invasive surgery (MIS) [3] - [5] . Various concepts of micro-scale pressure sensing have been introduced with a wide range of technologies and materials, including capacitance based systems [6] , [7] , magnetostrictive thin films [8] , piezoelectric materials [9] , and conductive polymer composites [10] . Research on various types of nanostructured materials, [11] - [16] , gained attention recently in efforts to emulate human finger sensitivity and resolution. Nanotubes, nanowires and nanoparticle monolayers have demonstrated pressure-sensing capabilities [17] - [23] . Work with similarly structured pressure sensors, i.e. containing NWs and giant magnetoresistance (GMR) sensor have been developed. Kosel's group developed a magnetoresistive iron-PDMS nanowires with GMR sensor [24] . Polypyrole cilia have been fabricated on top of GMR sensors and were tagged with a 300 nm Co 50 Fe 50 by sputter deposition [25] .
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J. J. Park sensors. Bending of magnetostrictive NWs cause changes in magnetization due to coupling between the local magnetic moments and the strain of the material [26] . Fe 100−x Ga x (10 ≤ x ≤ 25 atomic %), also known as Galfenol, has received attention due to its large magnetostrictive property (∼400 ppm) and ductile mechanical properties, as Galfenol is more ductile than the well-known magnetostrictive alloy Tb x Dy 1−x Fe 2 (x ∼ 0.3) [27] , [28] . Fabrication of Fe-Ga NWs was successfully accomplished via an electrochemical deposition process in a nanoporous anodized aluminum oxide (AAO) [29] . Fe-Ga NW mechanical and magnetic properties have been studied with various characterization methods [27] , [16] , [29] - [33] . Magnetic shape anisotropy of high aspect ratio Fe-Ga NWs promotes magnetization along the NW length, as the contribution to net energy from shape anisotropy is much larger than the potential changes in energy caused by mechanical deflections. Because of this, the change in stray fields caused by mechanical deflections of high aspect ratio NWs is negligible which is a disadvantage for use in sensing applications [28] . Multilayered structures comprised of low aspect ratio (c/a < 6 for 150 nm diameter) segments of magnetic (Fe-Ga) and non-magnetic (Cu) were produced to reduce the dominance of shape anisotropy [28] , [29] , [34] , [35] . Field induced magnetization rotation was demonstrated in low aspect ratio Fe-Ga segments within multilayered Fe-Ga/Cu NWs [31] . For the pressure sensing application being studied, mechanically induced changes in the stray fields from a multilayered Fe-Ga/Cu NW array are sensed by a GMR sensor. We include an estimate of the pressure sensitivity measured in our prototype, but leave as future work demonstrating potential bounds on spatial resolution of this technology that here, we demonstrate for the first time. In this paper we demonstrate a proof of concept, illustrating the pressure sensing potential of magnetostrictive Fe-Ga/Cu NWs. We also present a model to demonstrate how internal magnetizations might change in a mechanically strained NW using both finite element modeling and micromagnetic simulation.
II. MATERIALS AND METHODS

A. Nanowire Fabrication and Characterization
Fe-Ga/Cu NWs with 150-nm diameters were electrochemically deposited in Au-coated nanoporous AAO templates (Synkera, Longmont, CO). For Fe-Ga/Cu multilayered deposition, the electrolyte solution consisted of 15 mM FeSO 4 , 17.5 mM Ga 2 (SO 4 ) 3 , 2 mM CuSO 4 and 35 mM Na 3 -citrate in DI water and pH was adjusted to 3.5 -4.0 with diluted NaOH. Deposition potentials of -1.12 V and -0.8 V relative to a Ag/AgCl reference electrode were used for Fe-Ga and Cu electrodeposition, respectively. The composition of Fe-Ga (Fe:Ga = 80:20) was selected for maximum magnetostriction which occurs for Ga content of 17% < %Ga < 22% in bulk Fe-Ga alloy [36] , [37] . The contamination of Cu in Fe-Ga was minimized by reducing the amount of Cu in the bath which lengthens the total sample deposition time. The composition and aspect ratio of Fe-Ga and Cu segments of the deposited NWs were characterized by Energy-dispersive X-ray spectroscopy (EDS).The structure of the 150 nm diameter NW has 50 nm Fe-Ga/50 nm Cu layers [ Figure 1 (a)]. In order to prepare vertically free standing NWs, NWs were grown in the AAO template (∼9 × 10 8 NWs/cm 2 ) which was then attached to a Si substrate using hot wax. The AAO was partially etched in 1M NaOH solution for 20 min, followed by DI water rinsing and air drying, resulting in about 10 μm-long freestanding NWs extending into the air above the AAO surface, with the rest of each NWs still encapsulated in the AAO [ Figure 1 (b)].
B. GMR Sensor Fabrication
Materials (Co and Cu) and design of a GMR sensor were selected to detect the magnitude of NW stray fields [38] . A thermal oxide layer (50-nm thick) was prepared on a silicon wafer (100-mm diameter). GMR sensors were fabricated on the oxide layer via a bilayer lift off process. Firstly, photoresist LOR 5A (MicroChem, Newton, MA) was spun on the wafer using a spin speed of 366.5 rad/s for 40 sec and then photoresist Shipley 1813 (Rohm and Haas electronic materials, Marlborough, MA) was spun using a spin speed of 418.8 rad/s for 40 sec, followed by a soft baking process at 115°C for 60 sec. Meander shapes were patterned on the spun photoresist films using a transparency mask under a UV aligner. The exposed film was developed in a CD 26 developer (Rohm and Haas Electronic Materials, Marlborough, MA) for 2 min. GMR sensors were deposited with 20 alternating double layers of cobalt and copper ([Co/Cu]20) with thicknesses of 1.5 nm and 2.0 nm, respectively using an e-beam evaporator (Denton Vacuum Explorer) with a ∼0.05 nm/sec deposition rate for each layer. The thicknesses of the films were determined by the second antiferromagnetic coupling maximum (AFCM) [39] . After the deposition, the photoresist films were dissolved in a stripper solution (NMP, 1-methyl-2-pyrrolidone), yielding GMR sensors by liftoff. The GMR sensor was patterned into meander shaped lines and the added shape anisotropy increased the saturation fields of the sensor [40] . For GMR measurement 150-nm thick Au contact pads with a Ti adhesion layer (thickness 15 nm) were patterned using same procedures described above. 50 nm of SiO2 film was deposited to passivate the GMR patterns. Finished GMR sensors are shown in Figure 2 (a) . Although not shown in this work, the GMR sensors used for the presented device can be easily scaled down and patterned using current micro fabrication technology to dimensions of less than ∼40 μm on a side.
C. Micromagnetic Simulation
To determine the effect of mechanical deformation on the magnetic behavior of the NW, the magnetoelastic anisotropy was calculated from the full strain tensor and the magnetoelastic coefficients of the NW using the modeling method presented by Aimon et al. [41] . The magnetoelastic anisotropy was then imported into the OOMMF (Object Oriented MicroMagnetic Framework) micromagnetic simulator. Firstly, COMSOL finite element analysis was used for strain calculations of NW deformation. A multilayered FEM structure corresponding to a NW was built (a 150-nm diameter and 10-μm long NW) using a rectangular grid. The NW model consisted of alternating 50-nm thick segments of Fe-Ga and Cu. The top surface of the NW was fixed and a 100-nm vertical displacement (z axis, along the length of the NW) was applied at the other end of NW causing the NW to deflect with slight elastic deformation. To determine the strain induced magnetization, the strain tensor values of the six Fe-Ga and Cu segments located at the bottom of the NW were used to calculate magnetoelastic anisotropy using the approach presented in [41] . These values were then imported into the micromagnetic simulations generated using OOMMF [42] . For the micromagnetic simulations, values for the cubic anisotropy constant K 1 = 1.75 × 10 4 J m −3 and saturation magnetization M s = 1321 × 10 3 A m −1 were assumed based on literature values for bulk Fe-Ga alloys [43] . In OOMMF, 2.5 nm cubic cells were used to simulate the NW. The dimensions of the cubic cell in OOMMF were chosen to be in the range of the exchange length of the NW.
III. RESULTS
The SEM image in Figure 1 (b) shows that the AAO was partially etched, leaving free-standing NWs. Surface tension caused some contact between NW tips. Figure 2(b) shows magnetoresistance of the fabricated GMR sensor as a function of external magnetic field with inplane magnetic field (-0.23 T < field < +0.23 T) applied parallel to the long meander shaped lines (Figure 2(a) inset) . The resulting magnetoresistance ratio ( R/R o ) is about 1.1% (Figure 2(b) ). COMSOL and OOMMF results are shown in Fig. 3 (a-d) and Fig. 3 (e,f) respectively. Figure 3(a) shows the undeformed NW and the deformed NW after the free end has been moved 100 nm in the +z direction. Figure 3(b) illustrates the aspect ratio of the Fe-Ga and Cu segments that comprise the NW. Strains in a cross section of one of the bottom three Fe-Ga segments when undeformed and when deformed are shown in Figs. 3(c) and 3(d) , respectively. Green indicates no strain in the undeformed NW, and green indicates no strain only at the neutral axis of the deformed NW. Tension in yellow and red and compression in turquise and blue are evident on either side of the (green) neutral axis. Right below these strain field images are the corresponding OOMMF results. They indicate the internal magnetization structure and the resulting stray fields that surround the NW segments. The image in Fig. 3 (e) of a vortex structure is consistent with published data from a vibrating sample magnetometer (VSM) showed that magnetization reversal processes in the Fe-Ga/Cu NWs with an aspect ratio of 0.5 form a multi domain vortex structure at remanence [29] . As shown, a vortex structure minimizes the likelihood of any stray fields extending outward from the NW.
In the multilayered [Co/Cu] 20 GMR sensor, indirect exchange coupling between Co magnetic layers introduces antiferromagnetic coupling and thus the magnetic layers are magnetized in antiparallel orientations at remanence [44] . The orientation of magnetization of the magnetic layers in a multilayered GMR sensor strongly influences scattering of the conduction electrons. Therefore, a high/low magnetoresistance value of a GMR sensor corresponds to an antiparallel/parallel magnetization direction in the magnetic layers, respectively. In our pressure sensing experiments, the lack of stray field that surrounds an underformed NW in Fig. 3(e) indicates that changes in distance of the NW above the GMR surface will not influence the GMR resistance.
The stray field from the portion of the NW segments under compression, in Fig. 3(f) , however, will be in the same plane as the GMR magnetic layers. The strength of the compressive stress/strains in the NW and hence the magnitude of stray fields induced by changes in magnetic domain structure will directly influence the GMR resistance. The pressure that mechanically deforms the NW array influences the magnetization of magnetic layers of the GMR sensor, resulting in changes in magnetoresistance values. The regions of the NW Fe-Ga segments subjected to tensile strains are magnetized along the NW axis and the regions subjected to compressive strains are magnetized perpendicular to the NW axis. These orthogonal domains will exhibit surface closure domains that leak stray fields. Orthogonal domain structures like this, i.e. due to bending induced compressive and tensile strain, have been observed in a thin Fe-Ga whisker using Kerr microscopy [45] . The change in the in-plane component of the NW magnetization is expected to be the dominate influence the GMR sensor.
The pressure sensing experiments were performed with a nano-manipulator inside an SEM and the experiments were observed in real-time. The GMR 4-inch diameter wafer was diced into individual devices (1.7 cm × 2.8 cm) which were attached to one side of the nano-manipulator stage. NW arrays were attached on the other side of the stage. The SEM allowed precise control over the experiment. The NW array and the GMR sensor were aligned in parallel and then the NW array was moved with the nano-manipulator stepper motor to bring it into contact with the GMR sensor.
To observe the deformation, NW arrays were pressed against a Si wafer using nano-manipulator. The SEM images in Figure 4 show that NW tips deflect laterally, seeming to deform in a bending mode when brought into contact with the wafer. We expect that NWs deformation may be mixture of bending and/or buckling.
As NWs start to deform, compressive stress imparted by buckling and/or bending of the NWs should rotate magnetic domains from a vortex state with little or no stray fields (Fig. 3(e) ) to orthogonal domains, producing an increase in stray fields surrounding the NW (Fig. 3(f) ) in proportion to the pressure used to bring the NW in contact with the GMR. The resistance change of the GMR sensor upon NW deformation was monitored with a multimeter and the results are shown in Figure 5 . As NW array made contact to the GMR surface, a decrease of GMR% value [GMR% = ((R(H) -R(H max) ))/R(H max )%] was observed that remained until the NW array was retracted. As NW array was moved away from the GMR sensor, the GMR% value increased back to the base line [ Figure 5 (a) ]. As the testing was repeated, the reproducible resistance changes were observed. Returning to the baseline value indicates that the magnetic moments spontaneously return to their vortex structure state with little or no stray fields when stress is removed and are no longer influencing the GMR substrate. The GMR% value change is about 0.4 % and we can estimate approximately 450 Oe of stray field produced from the strained NW array according to the GMR curves in Figure 2(b) . When uniform Cu NWs without Fe-Ga segments were used for a control samples, no significant GMR% changes were observed, indicating that the GMR magnetic layer was not affected by contact with the deformed Cu NWs [R1 in Figure 5(a) ]. Therefore, the reproducible change of GMR% with Fe-Ga/Cu NWs can be explained by stress-induced changes in magnetization of the deformed NWs. When different step sizes of the stepper motors are used, such as coarse step (∼1 μm) and fine step (∼100 nm), different resistance values were measured. FEM results show that a single NW with this aspect ratio can be easily deformed by the displacements the nanomanipulator applies. In turn, OOMMF simulations suggest that strain imparted by the two different step sizes are likely to induce magnetic configurations that are quite similar. Therefore, we speculate that the difference in GMR resistance with different step sizes is more likely to be attributed to the distribution of NW lengths than it is to the difference in pressure (strain) on individual NWs. The shorter NWs of the array are likely not in contact with the GMR sensor in data set showing response to the fine step. On the other hand, most of the NWs were believed to deformed and in contract with the GMR surface in response to the coarse step. This mechanism for the larger magnetoresistance change is shown in the schematic drawings in Figure 5 (b). Pressure values obtained using the FEM model for 100 nm and 1 μm compression were used to estimate sensing sensitivity of the NW array. The results show the NW has sensitivity of ∼4 m /kPa and ∼1 m /kPa for 100 nm and 1 μm compression respectively.
This research demonstrates for the first time a proof of concept, showing Fe-Ga/Cu multilayer NWs being used as pressure sensor elements. There are issues to be addressed to improve the performance of devices that employ these NWs for pressure sensing applications. For example, the photograph in Figure 4 of deflected NWs in contact with the GMR surface suggests the direction of bending of the NWs is influenced by the profile of the surface they come into contact with. Control of the loading surface profile so as to impart uniform bending directions in the NWs might be achieved by depositing the NW array on the top of the GMR sensor in conjunction with a top substrate that has a triangular surface profile [46] , [47] . Also substrate flexibility may be a design factor to be addressed as sensors often need to be integrated on curved surfaces [48] .
IV. CONCLUSIONS
This study has demonstrated the pressure sensing ability of a sensor comprised of magnetostrictive Fe-Ga/Cu NWs and a GMR sensor. Pressure sensing experiments showed that as the NWs are pressed against the GMR sensor, changes in the resistance of the GMR circuit are produced when contact-pressure causes deflection of the NWs. Estimated values of sensor sensitivity are 1 ∼ 4 m /kPa. The estimate for potential resolution of the sensing modality, based on miniaturization of the GMR sensor, is dimensions of less than ∼40 μm on a side, which would replicate spatial resolutions of human fingertips. Our approach of using Fe-Ga/Cu multilayered NWs offers several unique advantages for future development on micro scale pressure sensors. The presented technique may offer generic, flexible strategies for other kinds of sensing technologies to measure acoustic wave, torque, and hydrodynamic imaging.
